In this paper, a methodology, example, and accuracy assessment are given for a continental scale mosaic of the Amazon River basin at 100 m resolution using the JERS-1 satellite. This unprecedented resource of L-band SAR data collected by JERS-1 during the low-flood season of the river, amounts to a collection of 57 orbits of the satellite and a total of some 1500 l k x l k byte images.
I. INTRODUCTION
The purpose of this paper is to describe and demonstrate a methodology for the mosaicking of continental-scale SAR data sets. The particular example that will be used is the single-season (September-December 1995) 1500-scene JERS-1 data set collected for the Global Rain-Forest Mapping (GRFM) project [Rosenquist, 19961 initiated by the National Space Development Agency of Japan (NASDA).
Proper mosaicking of scenes while minimizing distortion is critical for performing large-scale regional analysis and for data fusion (Figure 1 ). The method presented in this paper utilizes a matrix inversion to position individual scenes correctly with respect to one another. This simultaneous solution allows for the position errors to be minimized over a global context as well as providing a degree of mathematical traceability. It will be shown that the result of this treatment corrects the positioning errors for each scene to within 400 meters and yields information about the source of those inaccuracies.
The general philosophy for constructing the Amazon mosaic is to separate the functions of mosaicking and geolocation. Although the step of mosaicking can take on a number of variations, the process is fairly straight forward and will not be the primary subject of this paper. More importantly, and preceding the step of mosaicking is that of geolocation, or determining with some degree of accuracy the proper location of scenes within a global context. The physical location of a scene on a global scale may be initially estimated by knowledge of the satellite path, time of day, etc. using the satellite ephemeris [Curlander, 
Figure 1 Example of two individual scenes before and aper geolocation and mosaicking. Proper mosaicking of the images allozus for accurate estimates to be made of extended features such as river lengths, flooded areas and deforested regions.
The method described here makes substantial use of the overlap region between adjacent images. Overlap between scenes allows for relative positioning of images with respect to one another. Although there are a number of methods for combining data from different scenes, the method commonly employed [Kwok, Curlander and Pang, 19901 follows a straightforward set of steps. These are, 1. one scene is fixed in space (i.e. the estimated location of the scene is assumed correct).
2. the second scene is placed relative to the first scene, using its own satellite estimated geolocation.
3. small pieces of the common areas between the two images are extracted and cross-correlated to determine the relative shift between the two images. The shifts estimated in this step may be different for each small piece (Figure 2 ).
4.
Pixel locations of the new scene are transformed (preferably by a linear transformation) to correct for the shifts calculated in the previous step.
5. The data from the two scenes are combined to make up a single, larger scene.
6. The combined scene becomes the reference scene and we return to step 1 to introduce additional data as desired.
reference Figure 2 Illustration of the "matching" between a reference scene and an adjacent scene. Ships for each small area are calculated to maximize the autocorrelation. These shvts may later be used for determining a total shift and rotation for thefloating scene.
Generally speaking, the above outline for the process of mosaicking is the course typically taken when performing the procedure by hand. When working with a small number of scenes, it is an efficient approach. Problems arise however if a large number of scenes are required to be mosaicked together as in the Amazon mosaic, which covers the northern component of the South American continent (approximately 8 million km2 or 35,000 x 41,000 100 meter pixels; these numbers are not precisely equivalent because the imaged area is not equivalent to the rectangular shape of the mosaicked image). This is because small errors or misalignments made with adjacent scenes relative to the reference scene will propagate and become larger the farther away scenes are from the reference location. This method of mosaicking is akin to wallpapering, where one strip of paper is fixed in space, while other strips are propagated outward. As the distance from the reference scene (i.e. the first piece of wallpaper) increases, new scenes may not fit together very well ( Figure   3 ). Placement of new scenes will rely on a balance of the errors between the new scene and the scenes already fixed in space. In addition to not having a uniformly distributed error allocation, the mosaic derived by the wallpaper method is non-unique, dependent upon the order that new scenes are added to the mosaic. What is desirable is to develop is a single, unified approach for correcting interscene geolocations. The solution to this problem is to allow the images to float with respect to one another until the locations of all scenes are calculated simultaneously. Steps 1 through 3 from the general method still remain the same, but the final calculation of the transformation is left until all of the scenes in the mosaic have gone through the initial steps. The complete matrix solution incorporates all of the information that has been assembled, thus allowing the geolocation errors to be minimized in a global context rather than a local one.
FORMULATION
The process described in this paper, specific for the continental mosaic of the Amazon region, or any large-scale image, is a reduced version of a threedimensional set of routines written by Hensley and Shaffer [work in progress] used for combining three-dimensional interferometric SAR data sets. Here, the problem is simplified to work in two dimensions, but the scale of the final mosaic is intended to cover a very extended area.
The production of the final mosaic is the result of a four-step process .The process can best be described by the example of geolocation of two image scenes.
A. Two-Scene Problem
We begin by describing the intensity, Zi(x), of image, i, as being a function of position, x, relative to a global coordinate system. Allowing for a linear set of transformations to be applied to the entire image, any point within that image may be transformed as
where is a matrix relating to geometric distortion composed of rotation, skew and scaling terms, and is a two-dimensional translation vector. Our goal is first to determine the relative shifts for a variety of points between two images and then to translate those shifts into a linear transform that may be described by (2). The shift, <,for the n* point in the image can be found relative to a reference image using a simple pattern matching procedure, such as the crosscorrelation. The shift, cij(xn), is defined as the location of the maximum value of the cross-correlation, as in A=RQA. To solve for 2 in (ll), the number of observations must be greater than the number of unknowns and should be well distributed across the common area between the two images being mosaicked. To preserve memory and to increase the efficiency of inverting (ll), like rows of < and 5 (i.e. < . i and -.jj) may be summed to reduce their dimensions to 2x1 and 2xN respectively.
Using a least squares approach the vector of unknowns can be found by
where the superscript, t, refers to a matrix transpose. The term
is a positive semi-definite matrix whose components consist of the double derivative of the observation with respect to the unknowns. 
B. N-Scene, continental mosaic
Solution of (12) requires a simple matrix inversion. For a two-scene problem, there can be no more than six unknowns to solve for; for N scenes, we have 6(N-1) unknowns since one scene must remain fixed as a reference. For the 1500-scene JERS-1 Amazon coverage, this could amount to 9000 unknowns, a large matrix inversion task. The advantage to this methodology however is that the structure of is such that it directly reflects the geometrical organization of the satellite data. That is, for a slowly precessing orbit and uniform scene size, any one scene will have no more than eight neighbors, designated Nneigh. Similarly, in the matrix expansion of (12), there will be a maximum of 6Nneigh elements contributing to any given row of the matrix.
Thus will have the desirable properties of being both sparse and banded as well as symmetric ( Figure 5 ). Thus, a sparse matrix solver like DPBSV of LAPACK [Anderson et al., 19901 can be employed to solve for z and considerably increase computational efficiency.
In this example for the Amazon mosaic, it was assumed that the processor delivered individual scenes that were geometrically accurate, i.e. scaling and skewing distortions were not present in the output product. Thus, the number of unknowns that the geolocation algorithm needed to solve for was three: two for translation in latitude and longitude, and one for rotation about the radial axis. Numerically, the reduction in unknowns has the effect of speeding up the matrix inversion, as well as delivering a more stable solution set (i.e. the matrix will be less likely to have singular values). 
Figure 5 Relationship between the orbital geometry (a) and the shaded non-zero elements of the E matrix (b). In the example, the orbital geometry is arranged by scene

Geometric and Ephemeral Data Accuracy
To check the geometric accuracy of the final mosaic, 57 control points were located on 1:50,000 to 1:100,000 scale maps of Brazil, Peru, Bolivia, Columbia, Map locations were determined manually using a ruler; accuracy of map coordinate locations was judged to range from 0.5-2.0 mm of map distance. .
Control point locations were transformed from map datums to the WGS 84 datum. Ninety-five percent of the points on the map sheets were estimated to be locatable to within 1 mm or less, corresponding to a ground uncertainty of 100 m, the approximate pixel size of the mosaic. All points within the radar mosaic were judged to be locatable to within two pixels, 60% of which were locatable within one pixel
The location of the control points and the vector differences between the mosaic and the ground control points are shown in Figure 7 , where the magnitudes of the errors have been exaggerated by a factor of 100 for clarity. The errors shown in this plot indicate that a large scale rotation and shift is present in the data. This is an unsurprising result since in its primary form, the geolocation of the individual scenes of the mosaic was only self-consistent, using a single scene for a reference, and did not include any data that physically correlated with known locations on the ground. This alters the geometry of the matrix in that it adds an extended vertical and horizontal row since the one scene has common elements with a large number of other scenes within the mosaic. This has the effect of disturbing the computational advantage of the matrix banding, but still, significant computational advantage can be gained by exploiting the symmetrical, positive semi-definite characteristic of the matrix.
For the Amazon mosaic, from the total of 57 ground control points that were available for use, 27 were used to tie down the mosaic, and the remaining 30 were used to estimate the geolocation accuracy. The points were chosen by first breaking them into twelve geographically distinct groups. From the twelve groups, six were chosen to fix the mosaic and six were chosen as test groups.
The tie-point groups were chosen such that they would span the topographically flat region of the Amazon basin. A flat region was chosen so as not to incur potential scaling problems for the region to the west of the continent covered by the Andes, where the processor typically does not take into account the change in topography.
Once the tie points were chosen and incorporated as a truth-scene into the matrix inversion, the remaining points were tested to estimate the residual geometric distortion. A graphic summary of the results is shown in Figures 8 and 9. Figure 8 illustrates the location of the ground control and test points within the mosaic, as well as the direction of the errors. In Figure 9 , we show histograms of the geolocation errors at three points in the geolocation process.
The first histogram summarizes the shifts required between individual scenes so that they make a visually continuous mosaic. These errors are ultimately related to the satellite ephemeris (to be discussed shortly). The second and third histograms of Figure 9 show the magnitude of geolocation errors for the situations where tie points were not or were used to fix the mosaic to a global reference. The magnitude distribution of the geolocation errors for the mosaic using tie points is 0.0 f 400m. As a result of this analysis, we can make the following observations:
1. There does not seem to be any effect of topography on the geolocation accuracy. That is, the westernmost points across the Andes mountain ranges had geolocation accuracies on the order of 2. Geolocation errors are longitudinally directed are proportional in sign and magnitude to latitude. The source of this effect is unknown as of this writing.
3.
Average geolocation error across the mosaic is 400m, which is roughly 0.01% of the entire width of the mosaic. Because the overall geolocation accuracy is so accurate, it is possible to look at the translation offsets of the individual scenes to gain some insight into the source of the errors in the satellite ephemeris, which is used to determine the location of individual scenes within a global coordinate system [Curlander, 19821 . Figure 10 shows the offset adjustments calculated for each scene using the geolocation algorithm as a function of the scene position on the continental mosaic. In this figure the largest offsets can be seen to be dominated by a cross track component that oscillates on the order of every ten orbits of the satellite. 
V. Conclusion
In this paper we have presented a method for assembling continental-scale data sets into a single mosaic. The numerical technique employed allows for a simultaneous solution for determining the correction factors for individual scenes. This has the effect of balancing out individual errors across the entire region (rather than fixing them and causing them to grow) as well providing a mathematically traceable and unique solution to the general geolocation problem. The technique was applied to the 1500-scene SAR data set of the Amazon region collected by JERS-1 over a 62-day period. The resulting error analysis using map-derived ground control points showed that the mosaic was accurately positioning individual scenes to within 400 meters and that correction vectors calculated by the mosaicking method showed systematic offsets induced by the satellite ephemeris. These errors are most likely to have been caused by small timing corrections sent to the satellite on a periodic basis of every ten orbits. In the future we expect that the techniques and analysis presented here will serve as the basis for assembling together future, largescale SAR data sets in what will provide the scientific community with snapshot capability of continental sized regions. Indeed, with the accuracies calculated, the compiled radar data obtained from this effort provides an unprecendented synoptic, continental-scale, high-resolution dataset in a digital format suitable for a wide variety of science applications.
VI. Acknowledgments
The work described in this publication was partially carried out by the Jet Propulsion Laboratory, California Institute of Technology, under a contract with the National Aeronautics and Space Administration.
